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of alcohol and chloroform would be short-lived and the Smoluchowski equation gives water 317 seconds, hydrogen peroxide 4-2 seconds, alcohol 1-5 seconds and chloroform 0 9 seconds. A gasdriven nebulizer (Harlow) produced droplets of about 5 ,u, with a mist density of less than 3 x 106/ cm3 for water and hydrogen peroxide, giving a half-life of over five seconds. It was shown during our experiments that a droplet had a theoretical residence time in the Cape ventilator of 1-3 seconds, much longer than the half-life of alcohol and chloroform droplets. These effects are aggravated because the gas flow into a ventilator is turbulent so that inertial impaction of the droplets occurs. The relationship governing deposition of the droplets is that of Friedlander & Johnstone (1957) (Johnstone 1961) which states that the inertial impaction or deposition of droplets is directly proportional to their number, the fourth power of their velocity, the fourth power of their diameter and inversely proportional to the distance travelled by the droplet across the gas stream.
The importance of an increase in droplet size from 1 1. to 5 ,u is small because the units are large (the velocity is in litres per minute).
It is concluded that: (1) The small droplet size and dense mists produced by ultrasonic nebulizers are unnecessary and less efficient than gas-driven nebulizers.
(2) The use of bactericides of low surface tension and high vapour pressure (Table 1) , apart from the explosion hazards, will produce an unstable mist and inefficient sterilization. It is not surprising, therefore, that Judd and his coworkers (1968) found incomplete sterilization after 1 h 30 min exposure to ultrasonically nebulized alcohol and even less efficiency with chloroform. Using the same techniques, work in progress indicates that a gas-driven nebulizer using hydrogen peroxide is more efficient and can reduce the sterilization time to twenty minutes. 
Physical Principles of Ultrasonic Aerosol Generation for Disinfection
The technique whereby aerosol is ultrasonically generated is a mechanical method. Ultrasonic waves are largely comparable with ordinary acoustic sound waves. The oscillations are longitudinal, in contradistinction to the transverse oscillations of electromagnetic and light waves, which are perpendicular in relation to the direction of propagation. Ultrasonic waves begin where audible sound waves end, at a frequency of about 20,000 Hz. Even if in their form they resemble audible sound waves, in behaviour they differ appreciably.
First, they are not propagated concentrically from a point, but in the form of a pencil of rays directed at a target. Secondly, they are conducted by solid or liquid substances, but not by air. If they encounter a layer of air they are easily absorbed. Thirdly, they can be produced at an intensity one hundred thousand times that of audible sound waves, since the energy (E), where the amplitude (a) is unchanged, increases by the square of the frequency (n): E=Ka2n .
For medical purposes ultrasonic waves are produced according to the discovery by the brothers Curie of so-called piezoelectricity. Piezoelectricity is observed chiefly in crystalline quartz. If a thin plate of such quartz is exposed to and electric alternating field, the thickness of the plate is changed in the same rhythm as the electric oscillations, and it behaves as if it were of rubbernow thicker, now thinner. These alternations will be greatest when the frequency of the electric oscillations agrees with the natural frequency of the plate, that is, when there is resonance between the two frequencies. There is also the phenomenon by which the pressure to which the plate is exposed causes positive and negative ions to assemble predominantly in the upper and lower parts of the plate respectively.
In 1960, on the basis of these physical principles, the first ultrasonic dry-plate nebulizer ( Fig  1) , primarily designed for the quantitative humidification of inspired gas, was constructed at the Thoracic Clinics of the Karolinska Hospital. By allowing a water-drop to fall on a vibrating plate of the sort described it is possible to nebulize the drop to aerosol without resorting to an aerosolproducing stream of gas under pressure. By making the plate vibrate with a frequency of 3 MHz, the liquid drop is mechanically divided into small particles of diameter 0 8-1 ,u. According to Matauschek (1961) the particle size in the aerosol, when ultrasonically generated with a dry vibrating plate, is a function of the ultrasonic frequency used. Particle size varies within narrow limits and the particles have an electric surface charge with the same sign, which makes the aerosol produced very stable. Furthermore, this particle size is optimal for transition to the gaseous phase in a dispersed system. If sufficient liquid in the form of the stable aerosol described is added to the volume of gas in, for instance, a respirator's closed breathing circuit, the gas will be saturated with vapour at the temperature prevailing in the circuit and, in addition, if dosage is adequate, will contain a further suspension of liquid particles. This is not directly comparable with the state of 'over-saturation', where moisture in excess of the saturation quantity still exists in the gas phase, whereas in our case the excess moisure exists in the form of the stable aerosol particles described.
The HNE (Herzog, Norlander, Engstr6m) nebulizer described in the foregoing has been used by Peterson & Rosdahl (1966) for the disinfection of respiratory equipment with ultrasonically nebulized ethanol in a concentration of 70%. Different Gram-positive and Gram-negative bacteria, mycobacteria and yeast fungiin both moist and serum-dried conditionhave been tried. After an exposure of two hours all the cultures tried were killed, but all the control cultures were still growing. With the dry-plate ultrasonic nebulizer it is evident that a high ethanol vapour pressure can be obtained in the circuit, and this combined with the extremely stable particles in excess of the dispersed phase produces maximal disinfection. Spencer (1968) used this method for the disinfection of ventilators with good results.
Our experience in clinical practice of disinfection of the Engstrom respirator circuit, performed by members of the ward-staff using ultrasonically nebulized 70% ethyl alcohol by the method of Peterson & Rosdahl (1966) will be briefly described. Before starting, the system was flushed for a couple of minutes with nitrogen and then filled with it in order to preclude the risk of explosion. Two nebulizers were used in the system because at that time we were unable to procure HNE nebulizers with a constant 3 MHz output but only ones with oscillating frequency. Frequency-stable 3 MHz HNE nebulizers are now available, and use of two together is probably unnecessary. Cultures were taken from the respirator from the dosage valve at point 14 and from the expiratory valve at point 17 (Fig 2) . Before disinfection, filterpaper discs impregnated with various types of bacteria were placed at the points shown by the arrows and crosses. Fig 2 also shows where the nebulizers were placed in the system. Table 1 shows results from swabs taken from the ventilator before and after nebulization for two hours with two nebulizers. In some cases growth of micro-organisms after disinfection was noted, but in these the only evidence of living organisms was a very sparse growth of bacillus spores. Alcohol is not sporicidal, and these spores are of no pathogenic importance. Table 2 shows results of tests in which filterpaper discs impregnated with Staph. albus were used. In 35 of 45 experiments with an exposure time of two hours all staphylococci in the filterpaper discs were killed. The shorter exposure time of one to one-and-a-half hours (10 experiments) produced one case of growth at the distal end of the system.
In the tests using filter-paper discs impregnated with pathogenic organisms it was found that with an exposure time of two hours all the discs were disinfected, but there is a risk of growth if the exposure time is shortened to one to one-and-ahalf hours (Table 3) .
Dr G T Spencer (St Thomas's Hospital, London) then read a paper entitled Sterilization of Lung Ventilators by Alcohol Aerosol.
Dr M K Sykes (Royal Postgraduate Medical School, London), after reviewing the available methods in terms of effectiveness, simplicity and the period during which the ventilator was out of action, agreed with Dr Spencer that it was difficult to demonstrate that ventilators were a source of cross-infection but thought it essential that all such apparatus should be rendered sterile before use. For this reason all ventilators at Hammersmith Hospital had been sterilized by formaldehyde since 1960. At the present time there was a lack of agreement on methods of assessing the efficiency of sterilization and Dr Sykes hoped that some guidance could be given on the types and concentrations of organisms to be used, and on the sites at which they were to be placed for testing purposes. It was not clear whether cross-infection by viruses should also be considered and, if so, what method of testing should be used to assess the sterilization procedure. He believed that sterilization of ventilators should be regarded as a temporary necessity, which should be eliminated in the future by redesigning ventilators so that the patient circuit was disposable.
Dr J L Whitby agreed that sterilization problems were probably of a temporary nature and should be overcome by improved machine design. As for testing the efficiency of a sterilization process, it was difficult to give a brief answer. The chemicals used were not all sporicidal and it seemed most appropriate to test with those organisms which might be found contaminating ventilators. Hence he usually used Ps. aeruginosa and Staph. aureus. In evaluating any process it was important to vary times and use varying numbers of organisms, suspended on test materials in different ways. This would give one some idea of the efficiency of the process, the time required for successful disinfection and the margin of safety. As for viruses, he thought that if the chemical used in a ventilator could be shown to be effective against viruses under simpler experimental conditions, it would suffice.
Dr A C Dutton (Royal Postgraduate Medical School, London) reported that he had recently made some studies with Dr R Benn on the effectiveness of various methods of sterilization. They compared the effectiveness of formaldehyde vapour (prepared from 100 ml of 40% formaldehyde BP solution in 1,500 ml of water at 55°C) when pumped through a Cape ventilator in a closed circuit for one hour, and for three hours, with 20 ml of 20 % formaldehyde solution, totally evaporated fiom a separate generator, pumped in open circuit through the ventilator in a sealed cabinet. Using doses of 105 to 106 Staph. albus, Ps. aeruginosa and Mycobacterium smegmatis (simulating M. tuberculosis), dried in serum (not desiccated) on glass and plastic at various points within the ventilator, including the inspiratory bellows, no organisms were recovered after any treatment, except that on some occasions in both closed circuit methods a proportion of staphylococci survived. Nash and Hirch dimedone and morpholine formaldehyde-neutralizing media (broth and agar) incubated at 37°C for five days were used throughout. More extensive tests were being pursued.
Professor J S Robinson considered that Dr Herzog's dismissal of the alcohol explosion hazard was based solely upon consideration of the vapour phase. Micro-aerosols were very explosive, due to the large surface area relative to the mass of the droplet. Although flour dust was not particularly flammable, in 1964 and 1965 dust clouds in flour mills at Paisley and London detonated and killed several people. Dr Herzog found two hours were needed to sterilize with alcohol, which agreed with his own theory. In considering explosions, inert gas blanketing and ultrasonic generators might only be academic if gas-driven nebulizers were shown to be effective, because they took one-sixth of the time and cost to sterilize ventilators.
Dr Paul Herzog said that with his method for sterilization with alcohol the user was given explicit instructions to rinse the respirator system carefully with nitrogen before adding drops of alcohol to the nebulizers in the system. There was thus no oxygen or other oxidation agent present and, consequently, no possibility of ignition of the alcohol mixture. Compression of the gas during the internal ventilation in the system while sterilization was being performed was hardly possible, as the rubber bag connected with the Y-piece hung freely and offered no resistance to the circulating gas. The negative pressure arising when the gas was sucked into the respirator bag was about 30 cmH2O. Even iffor example in some other respirator systemthere should be compression of the gas during sterilization with 70% alcohol, this compression was by no means adiabatic and there was immediate emission of heat to the surrounding atmosphere. Merely as a curiosity, it should be mentioned that if the alcohol mixture should be compressed to, say, 40 cmH2O, the temperature would rise only 10°C, corresponding to a change in volume of about 4 % -even if no heat exchange took place. Professor Robinson's objection was thus completely without relevance.
